EVALUATING THE DIFFUSION OF FUEL-CELL CARS IN THE CHINA MARKETS  by RITS, Vincent et al.
CURRENT RESEARCH TOPICS ON TRANSPORTATION AND TRAFFIC SAFETY IN ASIAN COUNTRIES
34 • IATSS RESEARCH Vol.28 No.1, 2004
EVALUATING THE DIFFUSION OF FUEL-CELL CARS IN
THE CHINA MARKETS
Vincent RITS Socrates KYPREOS Alexander WOKAUN
Department of General Energy Department of General Energy Professor
Paul Scherrer Institute Paul Scherrer Institute Department of General Energy
Switzerland Switzerland Paul Scherrer Institute
Switzerland
(Received December 2, 2003)
Air pollution is a major problem in many of China's cities, with SO2, NOx and PM emissions exceeding World Health Organisation's air quality
standards. The environmental (dis-) performance of Chinese vehicles contributes largely to this problem. The fuel-cell system represents a technology
that could eliminate much of the local air-pollution problem. However, the chances of fuel-cell cars during the next decades are still highly questioned.
In this research, the diffusion of fuel-cell cars in China has been explored till 2045. The energy model MARKAL (MARKet ALlocation) has
been combined with qualitative exploring methods, using a multi-disciplinary scenario approach. We identified the key factors and driving forces that
influence the diffusion of fuel-cell cars in China, ranked them on importance and uncertainty, to finally generate four scenarios. The scenarios are
based on the role of the Chinese government with regard to emission control, technology development, and fossil fuel prices.
Scenario analyses confirm the widely claimed need for further technological development, but also find it insufficient. Moreover, it is found that
the widespread diffusion of fuel-cell cars in China will first and only take place after 2025. Main conditions are firstly: the removal of technological and
economic obstacles, the appearance of an initial niche market and the self-enforcement of diffusion (with consensus among the important actors),
driven by the technological development. Secondly: either high price of fossil fuels (energy resource scarcity) is required or (very) strict environmental
regulations by the Chinese government -i.e. a breakthrough of the present policy trend.
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1.   INTRODUCTION
Air pollution is a major problem in China. Carbon
monoxide (CO) levels and ozone concentrations exceed
nationally specified limits, mainly due to coal combus-
tion and vehicle exhaust emissions. The poor traffic man-
agement and environmental performance of Chinese
vehicles have partially created this problem, and the air
pollution will increase even more as the vehicle popula-
tion is expanding rapidly. The consequences are already
high: respiratory illness, caused by vehicular air pollu-
tion, accounts for 14% of all deaths in Chinese urban ar-
eas1. In Europe, by comparison, related fatalities are
around 3% and worldwide it is estimated to be around
5% (between 2.5% and 11%).
The fuel-cell system represents a technology that
can contribute to the reduction of carbon dioxide (CO2)
emissions -the major contributor to the greenhouse ef-
fect-, and can eliminate the local pollution problem to
megacities of the industrial and the less-developed world.
Other advantages of fuel cells expressed are the high ef-
ficiency, low maintenance (due to only a few moving
parts), and low noise level.
The environmental pollution in China, the advan-
tages of fuel-cell cars, the research activities of Paul
Scherrer Institute (PSI) in the fuel-cell field and energy
models, form the background of this research. The ob-
jective of the research is to explore the allocation of fuel-
cell cars in China, using the MARKAL-model2 and in
forms of scenarios.
To carry out the research a methodology is set up,
which focuses on the use of (qualitative) scenarios and
the energy model MARKAL.
2.   METHODOLOGY
Looking into the future is a tough process and its
results are uncertain. Forecasts provide one way of re-
ducing the decision maker’s uncertainty and risk3, but the
goal of scenario generation changed from reducing uncer-
tainty to learn to deal with uncertainties4 . The issue that
might happen (i.e. the exploration) is therefore becom-
ing more important instead of trying to forecast the issue.
Scenarios can be applied in exploration studies, i.e.
in studies that make statements of the future based on
theories, but less on historical data and by use of a com-
puter model. Other future research methods are projec-
tions, speculations and prognoses5. Scenarios are tools
that describe pictures of the future world within a speci-
fied framework and under specified assumptions6.
In general, four steps are followed to set up and
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work out scenarios4:
a) basic analysis;
b) future analysis;
c) designing scenarios;
d) confrontation of strategies and scenarios.
The methodology applied in this research is a
combination of known methodologies7, 8 based on the
general structure. In the methodology by Ogilvy &
Schwartz7, a detailed description of the phases of the
scenario process is given, in which attention is paid to
multi-disciplinary developments. However, no specific at-
tention is paid to computer models. “The practice of tech-
nology forecasting” by Schaeffer8 is a reflection of how
the technological forecasters at the Energy Research Cen-
tre of the Netherlands (ECN) went through in carrying
out their work with (energy) models. His description of
the process is focused specifically on the use of computer
models in future research (straightforward). The “step by
step plans” are combined to highlight the use of a com-
puter model and of the multi-disciplinary approach.
The energy model  MARKAL, applied in this re-
search, is a bottom-up, dynamic linear programming (LP)
model, which selects the optimal combination of tech-
nologies and energy flows that minimizes the total energy
system cost and meets the specified energy demand 2, 9.
It has several advantages for transport related exploration
studies: 1) It is a widely applied, accepted, and data-in-
tensive model, specialised on the full energy systems of
a country or region; 2) it can be applied on different ag-
gregation levels; and 3) it is suitable for exploring alter-
natives with a long time horizon. The model is described
in more detail in the Appendix.
By combining the two methodologies, the follow-
ing “step by step plan” is set up:
Phase 1. Topic and aim
In the first phase the topic is selected and the aim
is formulated. The aim of this research is expressed in
the previous section. The time-horizon of the scenarios
in this research is set from the present till 2045. This time
period is long enough for three to four vehicle lifetimes,
leaving enough room for developments and ideas.
Phase 2. Basic and future analysis
In the basic and future analysis, the main features
of the technology and trends of the technology develop-
ment are discussed. Key factors in the micro-environment
are analysed. In this research, it will be the factors (and
actors) that influence the diffusion of fuel-cell cars in
China. After having identified the key factors, the driv-
ing forces in a macro-environment are determined. These
are trends (social, economic, political, environmental and
technological) that influence the key factors in the mi-
cro-environment7.
Phase 3. Designing scenarios
The first step in this phase is to rank the key fac-
tors and driving forces, identified in the previous steps,
by importance and uncertainty based on the methodology
proposed by Schwartz10.  Based on the proposed rank-
ing the most important and most uncertain driving forces
that are selected to generate a few scenarios. The selec-
tion of these factors and forces will actually determine
the axes along which the scenarios will vary.
In general, between two and four scenarios are
worked out11. In this research four scenarios are worked
out, based on three scenario-axes. By having determined
the different scenarios (-axis), and eventually transformed
into input parameters, these parameters are put into the
computer model to assess the different scenarios.
Phase 4. Analysis of model outcomes and working out
scenarios
By having the outcomes of the model run, the sce-
narios can be worked out in more detail. Here the quali-
tative description underpins the quantitative part
(outcomes model) and the other way around, so that fi-
nally plausible, consistent, relevant, and original stories
arise11. In these scenarios, each key factor and trend iden-
tified in phase two should be highlighted.
Phase 5. Implications
In the last step the different scenarios are analysed
and looked at the implications of each scenario for the
company. The scenarios can be used in two ways: 1) to
move from scenario to strategic options and 2) to start
with an existing strategy and tests it against a range of
scenarios12.
In Table 1 the different phases and steps are summed
up. In practice, some steps can be executed simulta-
neously. Besides, it can be necessary to go one phase or
step backwards during the process8, 11 (as the scenario pro-
cess is a cyclical process).
3.   SCENARIO GENERATION
     Out of the basic and future analysis, twenty-one
key factors and driving forces were derived that influence
the diffusion of fuel-cell cars in China, which is discussed
extensively by Rits13. An overview of key factors and driv-
ing forces can be found in Table 2, as well as whether the
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Table 1  Scenario methodology that combines qualitative and quantitative approach based on Rits13
Phases: Steps: Note:
1. Topic and Aim 1. Determine relevant issue or decision for the
company
2. Selection of technologies and their dimensions
to be forecasted
2. Basic and future analysis 3. Characterisation of the technology Special attention has to be paid to those
4. Key factors in the Micro-environment characteristics that will serve as input
5. Driving forces in the Macro-environment parameters in the model runs.
3. Designing scenarios 6. Rank key factors and driving forces Design scenarios (-axis) in such a way that
by importance and uncertainty they can serve as input for the model.
7. Generate a few scenarios, based on the ranking
8. Put (scenario-) parameters into computer model
9. Run model
4. Analysis of model outcomes 10. Get from crude numbers to relevant graphs Each key factor and trend should be given
and working out scenarios 11. Work out scenario some attention in each scenario.
5. Implications 12. Look at the implications of the scenarios on the
focal point or decision identified in phase 1,
step 1
force is worldwide related or specifically China related.
Three crucial clusters of driving forces can be derived,
which (are assumed to) have high scores on both impor-
tance and uncertainty (the conditions for selection). The
first cluster contains these driving forces that have to do
with the role of the government (bounds and taxes on
emissions). The second cluster of driving forces deals
with technology development (higher efficiency, new
technologies). Finally, the third clusters of forces deals
with  the shortage on fossil fuels (after 2025) and the price
of oil.
The three clusters of crucial driving forces will form
the scenario-axes:
• Technological development: low versus high;
• The role of the government with regard to environmen-
tal policy: no emission restrictions versus high emis-
sion restrictions;
• The price of fossil fuels: “modest” (increase) versus
high (increase).
With three axes, there are, in total, eight scenario
possibilities, of which four are worked out. Runs with
MARKAL show that if the diffusion of fuel-cell cars in
China wants to set off, high technological development
is a necessary condition. In other words, in case of low
technological development in China, fuel-cell cars have
no chance to be implemented. Besides, in the runs (and
also in the scenarios worked out) it is assumed that the
economic growth in China will continue and that no so-
cial discontinuities will occur. So, the amount of scenarios
is reduced to four by keeping out the scenarios with low
Table 2 List of key factors and driving forces behind
the diffusion of fuel-cell cars in China; based
on Rits13
Technology
  1. Improving efficiency W
  2. Lower car emissions W
  3. Solving technological problems W
Economics
  4. Increasing price of oil (and gas) W
  5. Growing GDP C
  6. Decreasing FC investment costs W
  7. Blocking of foreign cars C
Environment
  8. Increasing energy demand and supply C
  9. Shortage on fossil fuels W
10. Shortage on water C
Society
11. Growing population C
12. (International) crises W
13. Willingness to pay new infrastructure (H2, MeOH) W
14. Growing environmental awareness C
15. Reducing hydrogen storage concerns W
16. Increasing customer preferences W
Politics
17. Stimulating car ownership C
18. Dependency of foreign energy suppliers C
19. Increasing emission control C
20. Increasing regional influence C
21. Development of public transport C
Note: W = World-wide related force; C = China related force
Note: China related forces could also hold true in other countries, but this
is not examined.
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Fig. 1 Three scenario-axes with reduction till four
scenarios
technological development (see Figure 1).
So, in total, four scenarios will be worked out:
1. A scenario with high technological development,
weak environmental policy measures and modest fos-
sil fuel prices;
2. A scenario with high technological development,
weak environmental policy measures and high fossil
fuel prices;
3. A scenario with high technological development,
strong environmental policy measures and modest fos-
sil fuel prices;
4. A scenario with high technological development,
strong environmental policy measures and high fos-
sil fuel prices.
4. KEY MARKAL DATA FOR CHINA
The development of the MARKAL-database for
China has been initiated at PSI during the AGS-CETP
project14 in cooperation with the Tsing-hua University.
The present version of CHINA-MARKAL is the prod-
uct of cooperation between the Tsing-hua University, the
Working Group on Energy Strategies and Technologies
(WGEST) and the China Council for International coop-
eration for Environment and Development (CCICED)15.
It represents the existing and future reference energy sys-
tem of China in which a spectrum of resources, energy
conversion systems, secondary fuels and the end-use de-
mand sectors are described.
The transportation model is updated and includes
a comprehensive analysis of recent demand projection
together with the description of existing technologies in
the passenger car sector of China based on a system-
atic review of Chinese and international literature20-24.
Furthermore, the description of future costs and emis-
sions of the main transportation technologies involved is
based on the international literature13 and is summarised
here.
In 2000, the Chinese car fleet had around 6.5 mil-
lion passenger cars, of which around 99% were gasoline
cars, around 1% diesel and a very small fraction were
LPG (Liquid Petroleum Gas) and natural-gas (NG) cars.
The existing gasoline car will be replaced by the gaso-
line car with spark ignition with higher performance and
lower emissions per km, available from 2000 onwards.
Three fuel-cell systems are added into the model. These
are the hydrogen fuel-cell vehicle (FCV), the gasoline
fuel-cell vehicle and the methanol fuel-cell vehicle. Other
powertrains that are assumed to enter the market are the
hybrid (HEV) gasoline vehicle with direct injection, the
hybrid diesel car and the hybrid compressed natural-gas
(CNG) car. These cars might be the successors of the tra-
ditional gasoline, diesel and natural-gas cars. The future
cars selected represent a standard (reference) car class
with a fixed mileage.
In Table 3 the updated data for the passenger-car
sector are given. For all technologies selected the energy
efficiency, the capital and operating and maintenance
costs (O&M) are given, as well as the emission levels.
No constraints are put in MARKAL on the maximum
penetration or share to be gained by a powertrain.
By adding hydrogen and methanol fuel-cell cars
into the model the costs of hydrogen and methanol de-
livery are also added into the database. These costs are
assumed to be 9 US $ per GJ for hydrogen17 and 5 US $
per GJ for methanol18. The costs of hydrogen and metha-
nol production were already available in the existing da-
tabase15.
The demand for passenger-cars is projected, using
available reports15, 19 as reflected in Table 4. The enormous
increase in demand, from around 300 billion passenger-
km (p-km) in 2000 to around 4000 billion p-km in
2045, is due to the increase of Chinese Gross Domestic
Product (GDP)15. The relation between the motorization
rate and the (GDP) is stated in the literature19, 20. By us-
ing the plain version of MARKAL, the demand is given
exogenously, and will not change when prices change,
what is the case when the partial equilibrium version of
MARKAL is applied.
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Table 3  MARKAL input for Chinese passenger-car sector
Transport demand Year First Energy Efficiency Capital O&M SOx NOx CO2 PM
Technology Available 1000 p-km/GJ Cost Cost Emissions Emissions Emissions Emissions
Passenger car 2000 2010 2015-2050 $/1000 p-km kg/GJ fuel kg/GJ fuel kgC/GJ fuel kg/GJ fuel
Gasoline SI ICE* 1995 0.82 0.82 0.82 400 43 0.019 0.361 20 0.006
Diesel CI ICE* 1995 1.09 1.09 1.09 424 43 0.070 0.244 20 0.052
Gasoline SI 2000 0.86 0.86 0.86 400 43 0.019 0.072 20 0.006ICE evo*
CNG ICE* 2000 — 0.97 0.97 441 43 0.0002 0.005 15 0.000
Gasoline DI SI 2010 — 1.84 1.84 444 43 0.004 0.024 20 0.006ICE HEV*
Diesel DI CI 2010 — 2.12 2.12 454 43 0.010 0.066 20 0.022ICE HEV*
CNG ICE HEV* 2010 — 1.96 1.96 448 43 0.0002 0.005 15 0.000
Fuel-cell car H2 2015 — — 2.60 466 43 0.000 0.000 0 0.000
Gasoline FCV* 2015 — — 1.20 519 43 0.004 0.001 20 0.006
MeOH FCV 2015 — — 1.77 481 43 0.000 0.001 19 0.006
Note: All costs are given in US $ of the year 1995.
Note: Although the energy efficiency in p-km per MJ is kept constant over the period analysed, the energy efficiency in km per litre increases, due to the
declining load factor (see Table 4). According to the literature2, 16 every twenty years the efficiency increases by 10%.
Note: No learning curves included, but all technologies are assumed to be mass-produced.
*Abbreviations: SI (Spark Ignition), CI (Compression Ignition), DI (Direct Injection), ICE (Internal Combustion Engine), HEV (Hybrid Vehicle), CNG
(Compressed Natural Gas), MeOH (Methanol), FCV (Fuel-Cell Vehicle), evo (evolutionary).
Table 4  Updated projections of passenger-car demand
             Year
1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 Source:
Population (billion) 1.211 1.294 1.34 1.386 1.441 1.495 1.528 1.56 1.575 1.59 1.583 (15)
Per capita GDP 2,930 3,780 4,542 5,422 6,069 6,775 7,555 8,347 8,958 9,586 10,203 (15)(US $) in PPP
Motorization 2.9* 5.0* 7.5 10.0 13.2 19.5 28.1 39.5 49.2 61.0 76.1 (15)(cars/1000)
Mileage (km/yr/car) 19,000 19,000 19,000 19,000 19,000 19,000 18,500 18,000 17,500 17,000 15,500 (19)
Occupancy 2.5 2.4 2.4 2.4 2.3 2.3 2.3 2.2 2.2 2.1 2.1 (19)(persons/car)
Demand (billion p-km) 166.3 296.4 458.3 632.0 832.4 1272.7 1924.2 2442.9 2984.2 3461.5 3921.6 Calculated
Cars (million) 3.5 6.5 10 14 19 29 43 62 78 97 120 Calculated
* data of 1995-2000 are modified
With regard to the four scenarios, the axes, shown
in the previous section, are transformed into the
MARKAL parameters as shown in Table 5 while their
level has been selected based on the policy parameters
applied in the existing China-database15, 20. The macro-
economic consistency of the different scenario assump-
tions to fulfil the economic growth assumptions and
technological development has not been examined. This
could have been addressed using the macro-economic
driver of MARKAL25  but this was out of the scope of
this research. Also, the benefits of “Clean Development
Mechanisms” due to trading of carbon emissions permits
in the case that China joins the global carbon mitigation
efforts has not been examined in this study.
5.   SCENARIO RESULTS
5.1 Scenery of the scenarios
All scenarios imply increasing car demand, caused
by the rising GDP, but also partly by the growing popu-
lation. These two factors are also fundamentals for the
increasing energy demand and supply, where coal sup-
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Table 5  Parameter choices MARKAL for scenarios
Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
Advanced technologies15 available available available available
in China + low-costs of fuel-cells
High fossil fuel prices, after 2025 — 2025: prices times 2 — 2025: prices  times 2
after 2025: prices times 4 after 2025: prices times 4
Emission control15 — — 66 GtC over period 66 GtC over period
1995-2050 1995-2050
Note: The restrictions are put on the whole energy systems
Note: Technologies in the Chinese model are classified either as base or advanced15
Note: The time horizon of the scenario runs is 2050, but results are presented up to 2045; this avoids end-of-time horizon effects
ply will play the dominant role. These developments are
assumed to occur, i.e. these are driving forces with low
uncertainties.
Moreover, as mentioned in section 4, all scenarios
explicitly imply high technological developments (a ne-
cessary condition). This reveals itself in the availability
of advanced technologies in China (see Table 5) and,
more specific, in the low costs of fuel cells for passen-
ger cars (till around 30 US $ per kW).
Note that the following scenarios do not constitute a
projection of the future of the passenger-car sector in China,
but that it only gives picture of a possible future world un-
der specific assumptions and in a specific framework.
5.2 Scenario 1: Hybridisation of the car fleet
In this scenario there is high technological devel-
opment, but no strong environmental government inter-
vention, and no drastic increase of fossil fuel prices.
The economy matters for the Chinese government,
environmental issues play a less dominate role. The car
fleet has improved in efficiency over time (with lower
emission per km), but the increasing car fleet partly off-
sets the improvement in efficiency and the reduction of
tailpipe emission. In some, more wealthier, cities, public
transport is well organised, the car fleet contains mostly
natural-gas vehicles and environmental problems are vis-
ible, but relatively under control. But in general, the en-
vironmental problems are high (see Figure 2). The
transport sector is one of the major contributors.
The allocation of the different powertrain systems for
the passenger car sector in this scenario is reflected in Fig-
ure 3. The data for 1995 and 2000 were available from
the Chinese literature and therefore set as fixed outcomes
of the model (this holds true for all scenarios). The gaso-
line car has the highest share, a small share is for diesel
cars and since 1995 the better performing (and less dirty)
gasoline car has been entering the market. After 2000, the
better performing gasoline vehicle takes over the market.
In the outcomes the diesel car looses its share, but this
will probably not be the case in reality. The diesel car
does not show up in the results, because it has higher in-
vestment costs, while the lower variable cost (lower fuel
costs) does not offset the higher investment costs. In the
model a standard reference car is used with a fixed mile-
age (km per year per car), which is in favour of gasoline
cars instead of diesel cars.
There were no real motives for the (car) industry to
invest in alternative cars, while there was no push from
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outside. Therefore, alternative powertrains (e.g. fuel-cell
cars) have had problems to enter the market. Only the (hy-
brid) natural-gas cars could enter the market. From 2035
onwards this powertrain enters the market, because the
fuel price of natural gas in relation to the fuel price of gaso-
line is low enough to offset the higher investment costs.
In Figure 2 the total energy system emissions of
CO2, NOx and SO2 are shown. Without emission restric-
tions,  CO2 and NOx emissions will continue to increase,
due to the increase of energy demand, although advanced
and cleaner technologies are available. These advanced
technologies do have its impact on SO2 emission levels,
as shown in the figure.
In Figure 4 the primary energy supply is reflected.
This figure gives us insight in the way energy carriers are
allocated in this scenario. Coal is and will be the primary
energy carrier in the future. The technological develop-
ment is shown in the figure as renewables and nuclear
will reach a share of around 17% in 2045.
5.3 Scenario 2: A hydrogen economy
In this scenario, the main driving force was the oil
and gas scarcity, which resulted in higher fuel prices. The
prices for fossil fuels went up after 2025. Hydrogen be-
comes the new energy carrier in the world. Since the fear
of energy resource scarcity, the hydrogen market is ex-
panding rapidly. The industry changed, technological de-
velopment (innovations) increased. First there were the
stationary hydrogen power plants and the hydrogen buses,
later on the fuel-cell cars entered. There had been sev-
eral pilot projects in the United States of America and
Europe, which resulted in a niche market. The costs of
fuel-cell stacks (US$/kW) dropped to a level similar of
that of internal combustion engines. China followed the
global trend to swift to a hydrogen economy.
The impact of the developed and new technologies
on the environment is visible, especially in the cities. Res-
piratory illness and mortality due to air pollution has not
been increased dramatically since 2025, i.e. the situation
has not deteriorated.
The results of the allocation of the different power-
trains for this scenario are reflected in Figure 5. It shows
us that with high prices for fossil fuels the fuel-cell tech-
nology becomes cost competitive. Diesel cars and perhaps
natural-gas vehicles will have their share in the market.
After 2025, where the fossil fuel prices go up (times four),
three technologies form the market: gasoline hybrid cars,
hydrogen fuel-cell cars and natural-gas vehicles.
The levels of emissions are not regulated by gov-
ernment intervention. Therefore CO2 and NOx emission
accrues over the period, in a situation of energy demand
growth, as shown in Figure 6. Only SO2 emissions de-
crease because of the use of better technologies. For this
Fig. 4  Total primary energy supply; scenario 1
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emission type the lower emission levels do offset the in-
crease in energy demand.
In Figure 7 the  primary energy supply is reflected.
Because of the increase in the prices of fossil fuels, the
use of cheaper coal (in relation to the other fossil fuels)
increases in the results of MARKAL. The electricity is
supplied by nuclear power and renewables. Oil supply
amounts 6 till 9 EJ. Natural gas is hardly used after 2025,
which might be surprising, because the price of natural
gas is much lower than that of oil. Besides, the low use
of natural gas means that the hydrogen is produced out
of coal.
5.4 Scenario 3: “Environmental reformation”
In this scenario, the environmental policy of China
starts to change by 2010. The Chinese government re-
acted to the economic losses (e.g. damage to crops and
respiratory illness) because of environmental pollution.
Pressure on the government’s policy also came from the
public but also from foreign countries, as China is one
of the largest energy consumers of the world and the main
contributor to acid rain and global warming.
Stricter environmental regulations were applied.
Emission targets were set and coal power plants had to
be provided with scrubbers. Besides, China did not want
to become too dependent on foreign fuel suppliers, and
restricted oil imports.
In the car industry, first the EURO III and IV emis-
sion standards were applied, and later on it went to
SULEV-standards (Super Ultra Low-Emission Vehicles).
Natural gas vehicles and hybrid cars became more im-
portant, and new technologies were imported (or “cop-
ied” from the industrialized countries). Natural gas (NG)
vehicles profit from existing niche markets; build up in
the beginning of the century, and from the expanding use
of natural gas in the power sector. For the power sector,
large gas-pipelines were constructed from Siberia and
central Asia.
The costs of the fuel cells have decreased rapidly,
initiated by developments in foreign countries, due to the
market entering of fuel-cell bicycle, fuel-cell busses, and
stationary hydrogen power plants in China several years
before.
The result of the constraint for the passenger-car
sector is reflected in Figure 8. Still gasoline (and diesel)
is the fuel for the passenger cars until 2025, but after 2030
natural-gas cars take over the market, followed by hydro-
gen fuel-cell cars from 2035 onwards. The reason why
there is a shift in the MARKAL results towards natural
gas and later on towards hydrogen fuel-cell is not only
that these car emit less SO2, PM and NOx, but most im-
portant is the reduction of CO2 emissions. In relation to
the other car types, most profit can be yield on this item.
So, to meet the CO2 constraint of 66 GtC over the analysed
period in MARKAL, there is a shift towards hydrogen
fuel-cell vehicles. The emission limit of 66 GtC corre-
sponds to a global concentration of 450 ppmv and an ini-
tial endowment of emission rights for China proportional
to its population share in the year 2000 (e.g., 21.5%).
For this scenario, the outcomes of MARKAL show
that the total amount of resource-based CO2 emissions,
over the analysed period (1995-2045), is around 60 GtC.
Compared to scenario 1, the reduction is around 20 Gt
of carbon. All emissions show a decline in tonnes per year
after 2025, except for the SO2 emissions, which starts to
decline after 2010, due to the use of advanced technolo-
gies.
In Figure 10 the primary energy supply is reflected.
Coal is the major primary energy carrier until 2030. Af-
Fig. 7  Total primary energy supply; scenario 2
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Fig. 8  Allocation of different powertrains in scenario 3
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ter 2030 natural gas gains a similar share as coal, due to
the emission constraint. Renewables and nuclear will
reach a share of 19% and 14% respectively in 2045.
5.5  Scenario 4: “Self-sufficiency”
In this scenario natural-gas vehicles will dominate
the streets of China between 2015 and 2040 to a large
extent. China’s car market has followed a similar path-
way as the ones in Argentina, India, Pakistan and Egypt.
In an expanding market, the government stimulates the
use of natural gas as a fuel for passenger cars. The Chi-
nese have chosen to stimulate a known technology, which
can be implemented relatively easy and cheap, but which
has a positive impact on the environment.
The increase in fossil fuel prices after 2025, pro-
duces minor changes in the energy supply, but do so in
the (conversion) processes and end-use technologies. It
stimulates the use of cheap coal, but by utilization of en-
vironmentally friendly technologies, and of nuclear power,
to obtain the CO2 emission target, set by the government
(as well as targets for local emissions). Also hydrogen fuel
(out of coal) is one of the means to obtain the target(s).
Hydrogen out of coal (with CO2 sequestration) be-
comes cost competitive for the passenger-car sector,
whereas the hybrid natural gas and gasoline cars loose their
attractiveness of high fuel-economy with low fuel prices.
Hydrogen fuel cells are attracted by the application of fuel-
cell buses from 2015-2020 onwards. Besides the market
for fuel-cell bicycles stimulates fuel-cell car technology.
Dependencies on the fossil energy carriers, oil and
gas, are not high. China has a self-supporting energy sup-
ply. Moreover, China’s (environmental) policy was able
to counterattack the increasing fossil-fuel prices because
of its self-sufficiency.
The outcomes of the model for the passenger-car
market are given in Figure 11. The results in the first fif-
teen years are similar to all other scenarios - first gaso-
line cars, followed by better performing gasoline cars -,
but now the hybrid natural gas car enters the market al-
ready in 2010, whereas in the other scenarios the hybrid
gasoline car enters first. Till 2030, the hybrid natural-gas
vehicle and hybrid gasoline car dominates the market.
After 2030, hydrogen fuel cells become cost-competitive,
due to the high fossil fuel prices, and this car type takes
over the market in the MARKAL results.
The same remark about the dominance of gasoline
cars and the absence of diesel cars in the results, made
in section 5.2, holds also true in this scenario. Diesel cars
gain a certain market share, which is also likely for the
natural-gas car (the predecessor of the hybrid natural-gas
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Fig. 9  Total energy system emissions; scenario 3
Fig. 10  Primary energy supply; scenario 3
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car). With the stimulation of natural-gas buses in some
major cities in China (e.g. Beijing and Chongqing), and
the stimulation of natural-gas cars later on, the entering of
hybrid natural-gas car market is then a more logical result.
In this scenario, the outcome of the total CO2 emis-
sion level is given by the cumulative emission constraint.
Till 2030, CO2 emissions per year increase, due to the
increasing energy demand and existing technologies, but
after 2030 the CO2 emissions per year decline by the im-
posed constraint. Although energy demand is increasing,
SO2 emissions per year decline, due to the utilization of
advanced technologies, which is necessary to achieve the
CO2 emission constraint. NOx emissions per year increase
slightly, but go down below the value of 2000 after 2035.
In Figure 13 the total energy supply over a period
of 50 years is reflected. The allocation of coal increases
steadily over the period. Nuclear and renewable powers
fill a large part of the new demand. Oil and natural gas
use varies between 5 and 7 EJ after 2025.
5.6 Sensitivity analysis
The outcomes of the model depend on a large
number of inputs - e.g. efficiency, investment cost, and
emissions - from various sources, each with a host of as-
sumptions, and many of which have considerable uncer-
tainties. To examine the robustness of the outcomes a
sensitivity analysis was carried out.
For this research, the estimated or assumed values
of the variables (parameters) will be varied to examine
the effect on the final result (distribution of demand for
passenger cars and fuel-cell cars in particular). The fol-
lowing four of the most important or uncertain assump-
tions are examined:
1. Investment cost
The costs of purchasing a natural-gas car (ICE and hy-
brid), the hybrid gasoline and diesel car are all assumed
to be in a range of 600 US $ from each other, and three
of them in a range of 300 US $. As soon as the invest-
ment cost of one type is lower than the other the tech-
nology appears in the results of MARKAL (except for
the natural-gas car) and might even take over a large
share of the market. This holds also true for the three
fuel-cell cars, but here the cost difference must be more
than 700 US$.
2. Variable operating and maintenance costs
The variable operating and maintenance (O&M) costs
are the annual costs for maintenance and tires. In the
model these costs have the same value for all passen-
ger car types (43.9 US $ million/ billion p-km), because
of insufficient data of O&M costs for all powertrains
(in China). Although the maintenance for fuel-cell
(cars) will be lower than of internal combustion en-
gines, as there are no moving parts, this cannot yet be
expressed in quantitative terms. The sensitivity analy-
sis carried out on this variable shows that, in the base
case, a decrease of one US dollar per 1000 km for the
hybrid natural gas and hybrid diesel car (all other val-
ues kept constant) is enough to replace or gain a share
in the market. The switching value of the variable
O&M cost for the hydrogen fuel-cell car is 42 US$ per
1000 p-km. Switching values of the same order can
also be found for the other scenarios.
Fig. 12  Total energy system emissions; scenario 4
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Fig. 13  Total energy supply; scenario 4
120
100
80
60
40
20
0
year
su
pp
ly 
[E
U]
renewables
nuclear
natural gas
oil
coal bed methane
coal
19
95
20
00
20
05
20
10
20
15
20
20
20
25
20
30
20
35
20
40
20
45
CURRENT RESEARCH TOPICS ON TRANSPORTATION AND TRAFFIC SAFETY IN ASIAN COUNTRIES
44 • IATSS RESEARCH Vol.28 No.1, 2004
3. Emission control
We have varied the constraints of CO2, but also exam-
ined the effect of SO2 emission and NOx on the diffu-
sion of fuel-cell cars in China. The CO2 emission
constraint has the largest influence on the appearance
of fuel-cell cars in the results of MARKAL. This can
be derived from the fact that only with strict CO2 con-
straints the diffusion of fuel-cell cars takes off (scenario
three and four). The switching value (no fuel-cell cars
in the results) lays around 70.5 GtC.
NOx emission constraints seem to have an impact on
the diffusion of hybrid natural-gas cars. Higher SO2
emission constraints do not lead to a higher diffusion
of hybrid natural-gas cars or the entering of fuel-cell
car technology in the results.
 4. Fossil fuel price
In scenario two the prices of fossil fuels are increased
by a factor of four, after 2025. Sensitivity analysis
shows that if the prices go up till a maximum of three
times higher, the gasoline cars still dominate in the out-
comes of MARKAL. Above five times higher fossil
fuel prices fuel-cell cars, eventually will take over al-
most the whole market.
6. CONCLUSIONS AND DISCUSSION
Before diffusion of (hydrogen) fuel-cell cars can
take place in OECD-countries, and later on in China,
three problems have to be solved. The first is the prob-
lem of hydrogen storage followed by the problem of fuel
contamination. Third, the costs of the fuel cell have to
be reduced with a factor of at least ten till twenty, be-
fore it can be cost competitive with the conventional
powertrains. The system is cost competitive when the
price of a fuel cell is around 50 US$ per kW, but more
preferable is a price of 30 US$ per kW. Without these
achievements diffusion of a fuel-cell cars will not set off.
This is strengthened by the fact that, because of the in-
crease in performance of conventional powertrains and
the decline of emissions per kilometre, the diffusion of
hybrid cars, and in some countries, the diffusion of natu-
ral-gas cars, the relative advantages of the fuel-cell car
(high efficiency, low or zero emission) declines. More-
over, the price of hydrogen production and delivery is a
major barrier yet.
Scenario one, “hybridisation of the car fleet”, shows
that high technological development alone is not a suffi-
cient condition for the diffusion of fuel-cell cars to set
off. Instead, the hybrid gasoline and natural gas car sales
set off. So, high technological development is a first nec-
essary condition, but not a sufficient condition to set off
the diffusion of fuel-cell cars in China.
Before 2025, the conclusion can be drawn that the
better performing gasoline car enters the market, which
replaces the dirty existing cars, followed by the hybrid
gasoline car (diesel and NG cars might also gain a sig-
nificant market share). Apparently, the investments al-
ready made in the energy infrastructure and the high price
of alternatives does not allow changes in this infrastruc-
ture. The differences in the diffusion of powertrains
(could) originate first after 2025,
In the scenarios “a hydrogen economy” (#2), “en-
vironmental reformation” (#3), and “self-sufficiency” (#4)
the diffusion of (hydrogen) fuel-cell cars sets off after
2025.
In scenario two, “a hydrogen world”,  the increase
of fossil fuel prices after 2025 causes “alternative” fuels
and technologies to become cost competitive (and inno-
vations to take off). Hydrogen (out of coal) fuel cells gain
interest, because of the lower fuel costs.
The incentives of the government play a significant
role in the diffusion process, as they shape the policy and
a boundary (conditions) wherein the car or energy com-
panies can operate. In scenario three, “environmental ref-
ormation”, the diffusion of fuel-cell cars sets off, because
of the emission restrictions. The main force is the reduc-
tion of CO2 emissions. Therefore, new technologies have
to be implemented. In this scenario an important role is
granted for natural gas, to obtain the emission target(s)
and to produce hydrogen out of this fuel.
In scenario four, “self-sufficiency”, a combination
of high fossil fuel prices and strong environmental policy,
in an environment of high technological development,
would have the highest impact on the diffusion of fuel-
cell cars. After 2025, fuel-cell cars are the successors of
the natural-gas cars, initiated by the higher fossil fuel
prices. In this scenario the importance of reducing sup-
ply security fears is shown, and China succeeded in build-
ing a self-supporting and clean energy-supply system.
Obviously, it is necessary to gain a high degree of
consensus among the important actors and a breakthrough
of the trend followed to set off the diffusion of the fuel-
cell cars. The scenarios worked-out imply such consen-
sus and breakthrough.
It is hard to estimate to what extent (i.e. in manu-
facturing units) the diffusion of fuel-cell cars will take
place in China, because no determination is made of the
maximum amount of fuel-cell cars that can be produced
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annually (i.e. no production constraints) or market pen-
etration constraints are added into the model. This was
not done in this assessment as the time and budget re-
sources were limited. However, the results of MARKAL
do show when and under which conditions fuel-cell cars
might diffuse and that there is no restriction in the amount
of hydrogen that can be produced to satisfy the demand.
Further research could include the identification of mar-
ket penetration and production constraints, as well as
stakeholder analysis and improvement of the MARKAL-
database of China.
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APPENDIX: MARKAL OVERVIEW
Using Linear-Programming (LP) techniques,
MARKAL (Market Allocation9) optimizes a Reference
Energy System (RES) composed of sources (e.g., imports,
mining, exports, and stockpiling of fuels and renewable
resources), energy technologies (e.g., processes, conversion
systems, and end-use devices) and demands for energy
services (ES).  This system is evaluated over multiple
time periods and is driven by exogenous demands for en-
ergy services of the different economic sectors (e.g., in-
dustry I, residential R, transportation T, commercial
services S, and agriculture A). The MARKAL model de-
fines the energy flows and transformations needed to meet
these exogenous demands, satisfies a set of imposed con-
straints and minimizes the total system cost discounted
over the specified time horizon.
The RES constructed for the China MARKAL
model focuses primarily on end-use devices, on power
generation and on synthetic fuel production.
Figure 1 gives a matrix of demand for ES (i.e., at
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the right of the diagram) versus the energy carriers being
considered (i.e., in the left of the diagram); each intersec-
tion represents a set of process (PRC) or conversion (CON)
technologies or demand devices (DMD) (i.e., in the middle
of the diagram); which along with their respective cost,
technical, and policy parameters (e.g., deployment rates,
emission, efficiencies constraints) determine the optimal
mix needed to meet a specific level of exogenous demand.
The mathematical formulation of the model can be
found in the literature; here the main model constraints
are discussed:
– Demand Balance: The demand for energy services
must be met at each period by a set of competing end-
use devices. The user must provide an exogenous
baseline scenario, which specifies the demand projec-
tion for energy services.
– Capacity transfer: The operating capacity of each
technology is equal to the initial installations that are
still productive plus new investments.
– Use of capacity: Each technology’s activity must not
exceed its installed capacity times a maximum avail-
ability factor.
Fig 1. Energy flows within MARKAL showing the connectivity between sources, technologies
and demands as well as model typical input and output
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OUTPUT
– Energy-carrier balance: Production, exports and im-
ports of an energy-carrier must at least equal consump-
tion (including network losses).
– Peak/Based Load demand for electricity (heat): The
installed capacity of electricity (heat) producing tech-
nologies must meet peak demand within a reserve mar-
gin; based load demands as well as demands within
the time slices of the load profile.
– Emission constraints: The user may impose on the
whole system (or in a sector) upper limits on emissions
of one or more pollutants. The limits may be annual
or cumulative.
– External cost: The model user can apply regional or
global externality taxes per technology or pollutants in-
stead of emission constraints.
– Other constraints: In addition to the above standard
constraints, the user may include special constraints.
For instance, one may force certain technologies in (or
out of) the solution or apply market share constraints
to calibrate the model to the initial period statistics, or
to introduce market penetration constraints on capac-
ity expansion or declining.
